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Abstract

The NASA Terrestrial Ecology Program sponsored a workshop on January 29-31, 1997, at the

University of Maryland Conference Center, to review the progress and the future directions of

multiangular reflectance research. More than 65 investigators, representing 10 countries,

participated in the presentations, poster session and discussions associated with this workshop.
Held at the dawn of the EOS era, this workshop was intended to determine the progress made in

bidirectional reflectance distribution function (BRDF) research, the key areas needing new research

emphasis, and the mature aspects of BRDF research that can be exploited immediately to support

ecological research. Presentations on the first day were primarily dedicated to reviewing the
context of BRDF research in NASA's Global Change Research Program and the development of

physically-based models and algorithms. Afternoon discussions focused on the lessons learned in

key areas of BRDF remote sensing, from atmospheric correction to retrieval of canopy structural
information. On the second day, presentations were given on recent applications of

computationally efficient "simple" BRDF models. Discussions in the afternoon focused on

moving BRDF research into a more applied stage, particularly in concert with EOS data sets, and

assessing its role with respect to other data sources (e.g., hyperspectral). The morning of the third

day was devoted to setting priorities for recommendations. This report summarizes the progress
made at the workshop, with particular emphasis on the outstanding research problems remaining

and the recommendations for improved ecological application. Four appendices follow the main

report, including I) List of Acronyms, II) Reports from the Break-out Discussions, III)

Workshop Agenda, and IV) List of Participants.





Foreword

The 1997 Workshop on Multiangular Remote Sensing for Environmental Applications was

convened primarily because I felt it was time to assess progress over the past 15 years on research

into the vegetation bidirectional reflectance distribution function (BRDF) and related directional

reflectance phenomena. With the advent of NASA's Earth Observing System (EOS) and other

satellites with multidirectional viewing capability, it also seemed time to assess future research

directions. The workshop was highly successful in addressing both topics, and has provided me

with many useful insights that should prove helpful in steering the BRDF element of the

Terrestrial Ecology Program into the future.

Overall, I found the workshop more successful in assessing the accomplishments of past research

than in identifying, and assigning priority to, focused directions for future BRDF research. I left

the workshop very satisfied that NASA's past investment was well spent and rather proud of the

contributions this fundamental science had made to the next generation of algorithms for correcting

remotely sensed data and generating improved data products. I heard several really big messages

at the workshop, which I hope most participants agree are fair assessments of what was said, and I

also carried away a number of impressions that, I suspect, are unique to my own experiences at the

workshop.

Major Messages

Here are the big messages I heard that summarize accomplishments and point toward research

needs:

• Research in the past 15 years has conclusively established that the Earth's surface is non-

Lambertian, and any future analyses, excepting perhaps the most simple and crude of

approximations, cannot legitimately assume Lambertian properties. Reflectance anisotropy is

significant.



• The currentgenerationof advancedsatellitedata correctionalgorithms and data product

algorithmsuseBRDF understandingproducedin part by the NASA remotesensingscience

programelement.This understandingisevenmoreextensivelyandpervasivelyexploitedin EOS

algorithms. Thereare nice demonstrationsalreadyof how classificationaccuracy,vegetation

indices,andFractionof APAR (fAPAR) retrievalscanbe improvedusingmultiview angledata.

(But note,at leastwith respectto the improvedvegetationindices,thatthe improvementfollows

becauseof sensorcharacteristics,not necessarilybecauseof any inherentproblemswith the

vegetationindexitself.)

• One of the unique capabilities of multidirectional remote sensing is in the correct derivation of

the Earth's albedo. EOS albedo data products will be dramatically improved over past albedo data

products because of their use of directional data. (However, EOS sensors still do not sample the

full hemisphere as well as could be done.)

• We have a sophisticated understanding of how directional radiation interacts with vegetation

canopies but, to date, have been unable to use it to derive useful ecological information about

vegetation canopies. There is a disconnect between the structural parameters determined by BRDF

studies and the structural parameters governing ecosystem patterns and processes. This disconnect

is at least partially responsible for the limited use of BRDF understanding by ecologists. There

may be a need for ecologists to specify the structural properties of ecosystems that they could use

significantly, and for remote sensing specialists to focus on alternative characterizations of

vegetation structure.

• There is an urgent need to gain experience from real satellite data, exercising and learning from

Polarization and Directionality of Earth's Reflectances (POLDER), Multiangle Imaging

Spectroradiometer (MISR), and Moderate Resolution Imaging Spectroradiometer (MODIS),

before moving ahead on improvements to existing approaches.
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Othermessagesof interest,but of a moredetailedand/orlessfundamentalnature,areasfollows:

• NoonemodelcanhandleBRDFfor all covertypes; approachesto theproblemmusteitherfirst

stratifyby landcoveroruseparametricmodels,suchaskernel-driven.(Thus,landcoverbecomes

animportantdataproductto pursuefor stratificationpurposesin supportof BRDFresearch.)

• BRDF analyses are inherently quantitative; thus, there is a need for good calibration and

radiometric and geometric corrections to do good BRDF work.

• There are only a few data products that are truly unique to multiview angle data. These include

albedo and atmospheric phase function. Many other data products can also be derived from other

types of remotely sensed datawalthough BRDF information may be able to improve the

derivations.

New Impressions

Perspectives I gained, but which were not much discussed at the workshop:

• The recent development of new, simple approaches to modeling directional effects appears to

have been driven by the pressures to generate practical, implementable algorithms for correcting

specific satellite sensors and their data products. These simplified approaches would not have been

possible without the understanding that has been derived from the more complex, theoretically

rigorous models that preceded them.

• It is possible that more innovative thinking may be needed concerning ways to utilize multi-

directional data. More intimate interactions between ecologists and BRDF specialists that can

break down traditional lines of thought and approaches to using and/or characterizing remotely

sensed data may be in order--as may be approaches not limited to one part of the spectrum or one

type of remotely sensed data.



• Validationactivitiesfor post-launchevaluationof new sensors requires more attention. If

comprehensive, clean, in situ data sets are necessary and are to be obtained, the BRDF community

may need to take responsibility for producing them.

Future Directions

When I reviewed the draft workshop summary that Jeff Privette and Don Deering prepared,

including the break-out group reports, I had great difficulty extracting a short list of high-priority,

well-justified recommendations for future research directions. There were a number of

recommendations, some very specific and detailed and others very broad and comprehensive, but

none that really hit me over the head as an obvious next step with promise for major scientific and

practical returns. I agree with the recommendations encompassed in the body of this report, and

will weave them into future research priorities for the Terrestrial Ecology Program, but I think that

now is not the time to chart major new directions. When all is said and done, I think that the

strong message I heard at the workshop with regard to there being an urgent need to gain

experience from real satellite data, exercising and learning from POLDER, MISR, and MODIS

explains this situation very well. Thus, I intend to make certain that the program is well positioned

to exploit these new sensors in the next few years and plan to pick up the question of new

directions and most promising applications a few years post-launch of EOS.

In the meantime, I intend to follow the recommendations in this report, encouraging research

proposals that explore data fusion approaches, consider scaling questions, introduce innovation and

team work to bridge the gap between ecological vegetation structure requirements and BRDF

vegetation structure requirements, and offer significant advances in streamlining current

approaches and/or providing better validation. Research that focuses on effective exploitation of

current and near-future satellite data will be preferred.
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Introduction

Twenty-five years ago, when NASA launched its first terrestrial imager (Landsat 1), the remote

sensing community lacked an understanding of the mechanisms determining the measured

radiances, particularly the directional characteristics which usually were assumed to be uniform.

The data were therefore treated as either pictorial images subject to visual interpretation or as

statistical distributions of spectral signatures that could be used to automatically recognize thematic

categories of land cover. Limitations in our ability to understand signatures over space and time

and to characterize more fully terrestrial processes by pattern recognition revealed that better

comprehension of the radiation processes governing remote observations was necessary.

In response, NASA began funding research into the vegetation bidirectional reflectance distribution

function (BRDF) and related directional reflectance phenomena--often collectively referred to as

BRDF. The BRDF is an intrinsic surface radiation characteristic that affects all terrestrial remote

sensing measurements. This research involved much basic, theoretical work, including modeling.

Research to further develop and test the models generated requirements for multiangle

measurements that were met through the development of laboratory, field and aircraft instruments.

The resulting measurements produced a diverse set of empirical data that helped validate the

theoretical findings and expose characteristic reflectance phenomena that varied with land cover

type and condition.

Program advances naturally prompted attempts to move from the earlier qualitative remote sensing

techniques into quantitative retrievals of Earth surface information. Two general methods to do

this evolved in parallel. First, relatively simple, sometimes empirically-based, corrections for

existing remote sensing techniques were formulated. These corrections included compositing

algorithms and BRDF characterizations to reduce directional effects in the well-used vegetation

indices, e.g., the Normalized Difference Vegetation Index (NDVI), which have been correlated

with many vegetation and environmental variables. Second, the reliance of the surface BRDF on

canopy properties led to inversions of physically-based BRDF models. In a typical inversion, a

model's parameters are adjusted until the model reflectance estimates closely match a set of

measured data. At this point, the model parameters are estimates of the surface properties.



Ramificationsof thenewquantitativemethodshavebeensubstantial.For instance,simpleBRDF

corrections,providedby compositingandempiricalrelationships,led to thefirst global mapsof

biophysical parametersfi'om National Oceanic and Atmospheric Administration (NOAA)

AdvancedVery High ResolutionRadiometer(AVHRR) data(e.g., Fourier wave Adjustment,

Solarzenithangleadjustment,InterpolationandReconstruction(FASIR) by Sellerset al., 1994).

Thesehavebeenusedextensivelyin biosphere-atmosphereflux transfer(e.g.,Sellerset al., 1996).

OthercompositedAVHRR datasetsareusedto deriveland coverclassificationschemes(e.g.,

DeFriesand Townshend,1994). More generally,increasingconfidencein quantitativeremote

sensingalgorithmshasled directlyto thedesignand ongoingimplementationof more effective

spaceborneremote sensingsystems,especiallythe sensors,algorithms, and products under

developmentfor theEarthObservingSystem(EOS;AsrarandGreenstone,1995)andtheFrench

POLDERsensoron AdvancedEarthObservingSystem(ADEOS)I (Deschampset al., 1994).

Nevertheless,to datemostBRDF-derivedproductsoverlargeareashavefoundlimited application

in ecologicalresearch. In fact, only the simplestBRDF correctionshavebeen appliedover

regionalor globalscales;themoresophisticatedtechniqueshavemostlybeenappliedon a "point"

scale. Moreover,consistentlyaccuratealgorithmsto retrievevegetationstructureremainelusive.

Contributingto the underutilizationare a host of problems, including inadequatesatellitedata

quantity and quality (e.g., insufficient angular sampling and calibration), computationally

expensivealgorithms,poor validationdatasets and concernsabout algorithm robustnessand

accuracy.However,during theEOSera, it is imperativethat webe fully preparedto utilize the

knowledgewehavegainedoverthelastdecade.Specifically,wewill soonhaveinstruments(e.g.,

MISR, MODIS, POLDER) in spacewhoseproductsstronglydependon our appropriateuseof

multianglecharacteristics. Thesesensorswill have unprecedenteddirectional sampling and

calibrationabilities,and undoubtedlywill presentthe best opportunityto develop and exploit

multiangletechnologyto date. Accurateandeffectiveuseof EOS dataareimperativeto helping

solve pressingquestionson, e.g., global carbonbalance. The issuesthat follow representthe

BRDF researchcommunity's recommendationsand suggestionsfor improving the quality and

usageof terrestrialmultidirectionalremotesensingproducts.
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Applicable BRDF Technologies

The workshop exposed many applications of BRDF research that have been, or are ready to be,

used to generate operational products with satellite data. For example, a review of the EOS

Morning pass EOS platform (AM-1) algorithm theoretical basis documents (ATBDs) (available at

http://eospso.gsfc.nasa.gov/atbd/pgl.html) reveals that essentially all standard land products, and

many atmospheric products, incorporate BRDF models in their generation. For MODIS, these

include surface reflectance (atmospheric correction), vegetation index, albedo, BRDF

characterization, leaf area index, net primary production, fraction of absorbed photosynthetically

active radiation, and land cover classification. For MISR, essentially all products (e.g., surface

bihemispherical albedo, aerosol optical depth, and aerosol phase function) intrinsically depend on a

BRDF model since the coupled atmospheric and surface radiation equations are solved

simultaneously. Some of these products (e.g., albedo, vegetation index) rely on highly

parameterized "simple" BRDF models, while others (e.g., Leaf Area Index [LAI], fAPAR) rely

on look-up tables generated by complex numerical BRDF models. In fact, some sensors (e.g.,

MISR) were developed specifically to take advantage of the angular signatures that, previous to the

BRDF research, were relegated to data noise.

Although discussion of all AM-1 products and their BRDF dependencies is beyond the scope of

this document, we highlight below two of the most mature applications of BRDF understanding.

These include the estimations of geometrically normalized vegetation indices and spectral albedo.

Since the mid-1980s, global vegetation index maps based on NOAA AVHRR data have been

produced by a number of groups (for a historical review, see Tucker, 1996). The vegetation

indices have been correlated with many biophysical variables of interest to ecologists.

Nevertheless, such maps remained seriously plagued by BRDF effects despite the use of

rudimentary BRDF corrections. These corrections include nadir view angle normalization from

Maximum Value Compositing (Holben, 1985), a process which selects the highest NDVI value

from all observations of a target over a short time period. Recently, Sellers et al. (1996) produced

more accurate global data sets in part by developing an empirical solar zenith angle correction. Li

et al. (1996) began operationally using a kernel-driven BRDF model to correct both view and solar
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angle effects in AVHRR data over Canada. Kernel-driven BRDF models are linearized

parameterizations of physically-based geometrical-optics and turbid medium BRDF models

(Wanner et al., 1995). Upon launch of AM-l, 16-day and monthly maps of view angle corrected

vegetation indices will be generated at 250 m, 1 km and 25 km spatial resolution. Post-launch,

monthly maps of view and solar angle corrected vegetation indices at 0.25 ° x 0.25" spatial

resolution will be generated from four MODIS spectral bands, which each have a spatial resolution

of 250 or 500 m (Huete et al., 1996).

Albedo specifies the fraction of incident solar radiation that is reflected at Earth's surface and is a

critical parameter for accurate climate and energy balance studies (Dickinson, 1983). Historically,

albedo has been estimated from land cover maps in literature (e.g., Matthews, 1983). Although

satellite data offer a tantalizing opportunity to create such maps, Kimes and Sellers (1985) showed

that without BRDF correction, albedo errors greater than 40 percent can occur. Thus, Sellers et al.

(1996) produced low resolution (1 ° x 1°) albedo maps using a 2-stream BRDF model whose

parameters were in part determined by the BRDF-corrected vegetation indices mentioned above.

Upon launch of the EOS AM-1 platform in 1998, however, global albedo maps will be produced

every 16 days at 1 km x 1 km resolution (Strahler et al., 1995). These maps will be generated

through the inversion of kernel-driven BRDF models. Due to superior instrument calibration,

atmospheric correction, product validation and more numerous viewing geometries, these

estimates should have unprecedented accuracy.

Outstanding Research Issues

The achievements above demonstrate an ability to correct BRDF effects in existing remote sensing

data and products. However, the remote sensing community may realize only incremental future

progress if it regards angular reflectance differences primarily as noise to be corrected rather than a

signal to be exploited. Indeed, much work has shown that unraveling the angular signature

through various methods (e.g., neural networks, BRDF model inversions) has the potential to

reveal surface information not obtained by other remote sensing methods. For example, although

inversions require more complex input data sets, their ability to simultaneously estimate multiple

canopy parameters, as well as their proper treatment of radiation interactions at the surface, suggest
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theyhavegreatpotential. Still, mostefforts to exploit theangularsignalhavenot maturedto the

pointof deliveringinformationof interestto theecologicalcommunity.

Workshopparticipantsidentifiedatleasttwo majorobstaclesslowingthiscollaboration. First, the

satellitedatasetsavailablehavegenerallybeenof inadequatequality to exploit theBRDF signal.

This has preventedlarge-scale(time and space)studies showing proof of advancedBRDF

concepts.Becausephysically-basedBRDF algorithmsareinherentlyquantitative,their inversion

requireswell calibrated,atmosphericallycorrecteddataover a large rangeof sun-target-sensor

geometries.SomesatellitessuchasLandsatandSatellitepour L'Observationde la Terre(SPOT)

arewell calibratedbut lacksufficientlydiversesamplinggeometriesovershortperiods(requiredto

assumeaconstantvegetationcondition). Othersensors,suchasAVHRR,may takesamplesover

a rangeof geometriesin a short time period, but are poorly calibratedand atmospherically

correctedovermostareas.Althoughin somecases(e.g.,First ISLSCPField Experiment [FIFE],

BorealEcosystemAtmosphereStudy [BOREAS]) a sufficientquantityof calibratedaircraftdata

exist (primarily from theAdvancedSolid StateArray Spectroradiometer[ASAS] multidirectional

scanner),thesedataaredifficult to georegister.Most workshopparticipantsagreedthat theAM-1

andPOLDER datasetswill permit thefirst seriousopportunityto testmultiangularmodelsand

algorithmsat the appropriatescales. Nevertheless,current techniquesand infrastructureare

inadequateto collectlargeareagrounddatain atimely fashionin orderto validatemost vegetation

structuralproducts.TheEOSValidationProgramshouldsignificantlyimprovethiscondition.

A second,perhapsmore seriousissueis the marginal usefulnessof past BRDF products in

ecologicalresearch.In general,thecanopyparametersusedto describethe radiationregime are

inconsistentwith the parametersused to describeecologicalprocesses. Still, three potential

BRDF-relatedproductswereidentifiedascritically importantto theecologicalcommunity. These

includedsatellite-derivedmapsof 1) landcovertype,2) vegetationstructureandproperties(e.g.,

LAI, crownsize,groundcoverfraction),and3) fAPAR.

Probablythe most significantof theseis land cover type. Although relatively little published

researchexistson determiningland cover from the BRDF shape,recentstudies suggestthat

BRDF informationcanimprovetraditionallandcoveralgorithms(Leroyet al., 1997). Not only is

13



identificationof landcovertypeimportantfor ecologicalresearch,but it is requiredfor inversions

of physically-basedBRDF modelsas currentlyconfigured. Researchshows that the dominant

structurecontributingto coarsescalereflectanceanisotropycanvarysignificantly. For instance,in

areasof highrelief, theslopeandaspectsof theterrainmayproducethegreatestinfluence,whereas

over a fiat forest the crown and gapssizesmay producethe greatestinfluence,and over fiat

grasslandsthe leaf areaindexand leaf angledistributionmay contributemost. It is generally

believedthatsufficientlyaccuratemodelshavebeendevelopedto handleeachof thesescattering

casesif sufficiently accuratesatellitedatawere available. Successhasalreadybeenrealizedin

retrievingstructuralvariablesinbothforests(crowndensityandshape;e.g.,Li andStrahler,1985)

andgrasslands(LAI; e.g.,Privetteet al., 1996)from satellitedata. However,themodelsusedin

thesecaseswere gearedtoward specificland cover types(e.g.,thosethat canbe simulatedby

geometricalopticsor turbidmedia). In reality,mostmoderateresolutionpixelsof Earthcontaina

mixtureof landcoverswith differentpredominantstructuralscales(e.g.,leafandcrown). Without

apriori knowledgeof thetruelandcoverdistribution,it is difficult to accuratelydeterminethemost

importantstructuralparametersandhencethepropermodel. Unfortunately,researchshowsthat

incorrectmodelusecanproducesignificanterrorsin retrievedproducts(Runninget al., 1996).

Theaboveissuesarepresentlylimiting theuseandeffectivenessof advancedBRDF applications.

However, even with land cover type and successfulBRDF model inversion, the structural

parametersusedto characterizecanopiesin BRDF models,suchas "effective LAI" and crown

size,arenotparticularlyrelevantin ecologicalresearch.For example,a key structuralquantityin

manyecologicalmodels is thewoody-to-herbaceousmassratio. Presently,no physically-based

BRDF modelsexplicitly report this quantity,althoughit may perhapsbe derived from some

modelparameters.

ResearchRecommendations

Giventhesuccessesandoutstandingresearchproblemsnotedabove,five newresearchemphases

arerecommendedbelow,togetherwith severaltopicsdeemedin needof additionalattention.
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1. A recurringconcernevolvingfrom the workshopwas therelativeincompatibilitybetween

currentremotesensingproducts,including thosefrom BRDF inversionmethods,anddatafields

neededfor ecologicalprocessmodeling. Workshopparticipantssuggestedthat through more

frequent collaboration between remote sensing and ecological modeling scientists, a convergence

in parameterizations or data structures might be developed to foster wider use of remotely sensed

data in ecological applications. Likewise, further efforts to parameterize BRDF models with more

ecologically relevant parameters should also facilitate broader usage. Such parameterizations

might, for example, involve new statistical characterizations of vegetation structure amenable to

solving the radiative transfer problem in canopies. Likewise, more end-to-end studies, where

remote sensing products are used in ecological models whose outputs are appropriately validated,

should help identify the types, uncertainties, and spatial and temporal resolutions of the key

parameters needed to link these communities more effectively.

2. Improved in situ methods to indirectly characterize vegetation, both at the stand and

landscape or regional level, are needed. Although this information is required for land cover

classification and remote sensing product validation, current methods of assessing canopy

structure are relatively expensive, precluding application at sufficiently coarse scales (km).

Development of new methods with in situ measurements could possibly be based upon previously

collected data (e.g., FIFE, BOREAS) or designed around the acquisition of new ground data sets

(e.g., Large-Scale Biosphere-Atmosphere Experiment in Amazonia [LBA]). The new methods

must emphasize applicability to coarse scales such that accurate, quantitative validation data can be

collected for global validation of BRDF and other remote sensing products.

3. More efficient and reliable methods must be developed for inverting physically-based

canopy reflectance models. Although substantial effort has been invested in developing and

understanding forward BRDF models, relatively few studies report efforts at improving the speed

and accuracy of the inversion process. For example, most inversion algorithms use traditional

"off-the-shelf" optimization routines with few, if any, improvements or modifications. Hence,

computational efficiency is often cited as a detriment to the operational use of BRDF inversions.

Look-up tables offer one clear possibility with which to improve speed, and are currently being
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developedfor usein bothMODIS andMISR algorithms. Additional shortcut techniques should

be developed.

4. A new emphasis is needed on integrating data from other types of sensors (hyperspectral,

thermal, passive microwave, radar, Light Detection and Ranging Instrument [LIDAR]) into

BRDF applications and algorithms. It is recognized that BRDF information presents a unique

signal and should be exploited; however, the greatest potential may be realized when BRDF data

are fused with other, highly uncorrelated data sources. For example, initial studies suggest a

combined BRDF and spectral data approach can improve the accuracy of land cover classification.

Exploration of other applications and data types for data fusion are needed.

5. An improved understanding of reflectance scaling from leaf-to-canopy-to-landscape level

is needed. Although relatively simplistic 1-D turbid medium canopies appear well understood, a

better understanding of scaling is needed for more realistic, f'mite-sized plants containing nonleaf

material and gaps. This is particularly true for heterogeneous areas for which satellite-measured

radiances can contain significant adjacency effects, or where topography is a factor.

Additional topics suggested for future research emphasis include the following:

• Atmospheric correction of satellite data, particularly improvements in the coupling of the

surface BRDF with atmospheric radiative transfer schemes;

• Improved treatment of surface reflectance in climate models using current BRDF

technology; and

• Understanding the effects of topography in Earth surface reflectance, and extending

BRDF models to account for these effects.

Conclusions

The BRDF research community has made substantial progress in understanding the basic radiation

and surface characteristics controlling surface reflectance. This progress has taken the form of

advanced theory, sophisticated models, efficient operational satellite data corrections and

compilation of various ground and aircraft data sets. Indeed, because sufficiently accurate and
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efficientBRDF modelsnow exist, anyfutureopticalremotesensingalgorithmscan and should

includeoperationalBRDF correctionwhenbeneficial. Nevertheless,advancedBRDF methods

havethusfar not beenusedoperationally,largelydue to the inadequacyof currentsatellitedata

qualityandquantity. PreviousBRDF researchhelpedlay thefoundationfor a new generationof

satellitesensorssuchasADEOS POLDER, launchedin 1996,andtheEOS AM-1 sensorsuite,

to be launchedin 1998. With theseinstruments,sufficient high quality datashould become

availableto exploit theBRDF signaturemoreeffectively,particularlywhen usedin combination

with other types of satellitedata sets (e.g., radar, Light Detection and Ranging Instrument

[LIDAR], thermal,microwave).Thus,theBRDFcommunitymustnow focuson generatingand

validatingnewproductsof moredirectutility to ecologists,suchasmapsof vegetationtypesand

the fractionof photosyntheticallyactiveradiationabsorbedby a canopy. Productionof BRDF-

derivedproducts useful to the ecology researchcommunity will lead to a desire for more

sophisticatedproductsthatcanresultfrom applyingBRDF techniquesto the extractionof useful

vegetationstructuralattributes.
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Appendix I. LIST OF ACRONYMS

5S

6S

ADEOS

AGRISTARS

AirMISR

AirPOLDER

AM-1
APAR

ASAS

ASTER
ATBD

AVHRR
BOREAS

BRDF
CLAVR

DBH

EOS

EOSDIS

fAPAR

FASIR

FIFE

GOES

GPS

ISLSCP

LACIE

LAD

LAI

LBA

LIDAR

LOWTRAN

LUT

MAS

METEOSAT

MISR.
MODIS

MODTRAN

MSG
MVA

NDVI

NOAA

PAR

PARABOLA

Simulation of the Satellite Signal in the Solar Spectrum

Second Simulation of the Satellite Signal in the Solar Spectrum

Advanced Earth Observing System

Agricultural and Resources Inventory Through Aerospace Remote

Sensing
Airborne MISR

Airborne POLDER

Morning pass EOS platform
Absorbed Photosynthetically Active Radiation

Advanced Solid State Array Spectroradiometer

Advanced Spacebome Thermal Emission and Reflection Radiometer

Algorithm Theoretical Basis Document

Advanced Very High Resolution Radiometer
Boreal Ecosystem Atmosphere Study
Bidirectional Reflectance Distribution Function

Clouds from AVHRR

Diameter at Breast Height

Earth Observing System
EOS Data and Information System
Fraction of APAR

Fourier wave Adjustment, Solar zenith angle adjustment,

Interpolation and Reconstruction

First ISLSCP Field Experiment

Geostationary Operational Environmental Satellite

Global Positioning System
International Satellite Land Surface Climatology Project

Large Area Crop Inventory Experiment

Leaf Angle Distribution
Leaf Area Index

Large Scale Biosphere-Atmosphere Experiment in Amazonia

Light Detection and Ranging Instrument
Low Resolution Transmittance Model

Look Up TabLe
MODIS Airborne Sensor

Geosynchronous Meteorological Satellite
Multiangle Imaging Spectroradiometer

Moderate Resolution Imaging Spectroradiometer
Moderate Resolution Transmittance Model

Meteosat Second Generation satellite

Multiple View Angle

Normalized Difference Vegetation Index
National Oceanic and Atmospheric Administration

Photosynthetically Active Radiation

Portable Apparatus for Rapid Acquisition of Bidirectional
Observations of Land and Atmosphere
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POLDER

SLICER

SPOT

SWIR

TM

V/H

VI

Polarization and Directionality of Earth's Reflectances

Scanning Lidar Imager of Canopies by Echo Recovery

Satellite pour L'Observation de le Terre
Shortwave Infrared

Thematic Mapper
Vertical to Horizontal Ratio

Vegetation Index
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Appendix II. REPORTS FROM THE BREAK-OUT DISCUSSIONS

The first four discussion groups were challenged to define "What have we learned to date, and

why is it important" for unique topics (vegetation indices, surface structure and texture,

radiometric properties and satellite data correction). The second four discussions, occurring on the

second day, addressed future research and applications of BRDF technology. The following

reports were prepared by the break-out discussion leaders and rapporteurs, and in some cases were

edited by some or all of the respective discussion participants. Although some of the information

in these reports may not be endorsed by the entire group, the reports are nevertheless interesting,

useful and provocative. Thus, they are presented below unedited save for minor formatting

changes.

I) Vegetation Indices (Day I)

Leader: Louis Steyeart

Rapporteur: K. Fred Huemmrich

A Vegetation Index (VI) is created by combining remotely sensed data from multiple bands to

form a single value, with the purpose of enhancing the vegetation signal while suppressing

extraneous factors. Over the last 15 years, VIs have been widely used in remote sensing studies

for the estimation of biophysical variables such as LAI or fAPAR, mapping of land cover types,

and examination of spatial and temporal vegetation dynamics. Extensive use of VIs in such

disciplines as remote sensing science, ecology, hydrology, atmospheric modeling, and agricultural

monitoring and forecasting led to the discovery and exploration of problems and limitations

associated with these measures, resulting in calls from the user community to improve the

processing stream and provide standardized products such as the Pathf'mder 1, and 8 km AVHRR

and International Satellite Land Surface Climatology Project (ISLSCP) Initiative 1.

Variability in VIs arises not only from vegetation dynamics but from factors such as instrument

calibration, navigation and geometric registration errors, atmospheric effects, subpixel water and

clouds, image compositing, viewing and illumination geometries, and landscape features such as

topography. Progress in data processing has been partly driven by user requirements for VIs
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whicharesufficientlystableto permitmeaningfulcomparisonsof spatial and temporal variability

and change-detection studies. Present studies indicate the need to reliably observe VI variations

over 10-day, monthly, and seasonal time periods. BRDF modeling has contributed to this end by

improved atmospheric correction, and adjustment of sun and view angle effects by either

normalizing data to hemispheric reflectances or correcting to a common sun and view angle

alignment, all of which facilitate more appropriate comparison among pixels.

Initial use of VIs relied upon empirical relationships to vegetation characteristics; however, over

the years, a better understanding of how the VI data transform works has emerged. Much of this

work has involved the Normalized Difference Vegetation Index (NDVI), one of the oldest and

most widely used VIs. A strength of the NDVI is that, as a ratio of spectral bands, it effectively

reduces noise common to both bands. As the noise in the satellite data is decreased by addressing

the factors described above, the need for the noise reduction of ratio indices is reduced. NDVI and

other VIs can also be affected by characteristics of the vegetation canopies such as soil background

reflectance, leaf angle distributions, canopy structure, and leaf optical properties. Much of this

understanding is based on analyses performed using BRDF models. Users prefer a linear

relationship between a VI and derived biophysical parameters, which simplifies not only the

extraction of meaningful information about a parameter over its entire range of values but also

transfer between various spatial scales. It has become clear that different VIs are needed to

estimate specific biophysical parameters, and that no single index is appropriate for retrieval of all

quantities of interest. For example, for many vegetation types LAI and fAPAR are not linearly

related to each other, and consequently no single VI will produce linear relationships with both

parameters. Research indicates that to improve retrievals of biophysical variables using VIs,

stratification by land cover type should f'trst be performed, due to effects caused by canopy

structure variations, leaf optical properties, and background reflectances. Future work will refine

the use of VIs, as well as explore VIs based on new data sources such as hyperspectral and

multiangle data. Fusions of optical data with thermal and radar data may also generate an entirely

new type of VI.

VIs are useful surrogates of multiband remote sensing measurements and are an effective bridge

between remote sensing and ecologists. Because of their utility, ease of application, and
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widespread familiarity, the use of VIs will persist for some time in the future, both in new data

collections and in historic analyses.

2) Surface Structure/Texture (Day 1)

Leader: James Irons

Rapporteur: Bobby H. Braswell

The group was charged with discussing what we have learned about surface structure and texture

from BRDF investigations and why the acquired knowledge is important. Further, the group was

charged with considering a list of issues directed toward improving our ability to exploit BRDF

information. A lively discussion ensued with the comments focused principally on vegetation

canopy architecture at different scales.

The group agreed that, at the most basic level, BRDF research has led to the widespread

recognition of the directional anisotropy of electromagnetic radiation scattered or emitted from

terrestrial surfaces. The assumption of a Lambertian surface is, in general, no longer considered

acceptable when studying the scattering, emission, disposition, or utilization of the shortwave and

longwave radiation driving terrestrial processes. Going one step further, BRDF research has

greatly advanced comprehension of the scattering and emission processes, leading to a recognition

of the structural properties determining bidirectional reflectance distribution functions (BRDFs) for

different types of surfaces, to the formulation of models that predict BRDFs as a function of these

structural properties, and to an emerging capacity to retrieve structural parameters using inversion

techniques that fit the models to multiangle observations.

The participants recognized that the importance of these advances was tied to spatial scale. At

global and continental scales, our understanding of BRDFs is leading to the capability to

synoptically map radiative properties such as albedo and fAPAR and to normalize radiances and

VIs for variability in solar illumination and view directions. These capabilities will in the near

future be realized in products from the EOS AM-1 platform; products that are expected to advance

capabilities to identify, characterize, and map ecosystem type and heterogeneity and to monitor

global vegetation dynamics. At the scale of a forest stand, the maturation of geometric optical
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modelshas led to acapabilityto retrievethedensity,distribution,andrelativedimensionsof the

canopiescomprisingastand. A potentialconnectionwasnotedbetweenthis descriptionof stand

structureandtheoperationof preferredpathwaysfor gasandenergyfluxes(i.e.,gaps)in thestand.

At the scale of an individual canopy,both one-dimensionaland three-dimensionalradiative

transfermodelshavedeveloped,relatinginternalcanopystructure(LAI, Leaf Angle Distribution

[LAD], etc.) to BRDFs. At thesubpixelscale, we discussedthepotentialfor using multiangle

data in concertwith spectraldata to better decomposeor unmix pixels into end-member

proportions.At all scales,BRDF modelsandknowledgeprovidea more realisticlowerboundary

for atmosphericradiativetransfermodelsleadingto improvedcapabilitiesfor the atmospheric

correctionof remotesensingdata. Finally, our improvedunderstandingof BRDFs allow us to

betterdesignboth experimentsandremotesensingsystemsthateitherexploit or control for the

directionalanisotropyof scatteredandemittedradiation.

Several issues emergedwith respect to our ability to more fully exploit our expanded

understandingof BRDFs. Oneissuenotedwasthelimits in the range of applicability of specific

models or types of models. No available model relates a generalized parameterization of surface

structure to BRDF for all types of ecosystems or land cover. Current applications of BRDF

models over large areas require the matching of specific models to different areas by, for example,

the a priori mapping of land cover or by the use of models as kernels. Another issue was the

linkage between the structural parameters determining BRDFs and those parameters governing

ecosystem patterns and processes. We recognized a need to engage ecologists, climatologists, and

other Earth system scientists in collaborative research to establish these linkages.

Lastly, the participants looked forward to the near-term collection and distribution of multiangle

data from satellite platforms, particularly from POLDER and MISR. The temporal and

geographic context of bidirectional measurements from space are expected to provide a basis for a

new generation of simple models linking directional surface reflectances to parameters of

substantial ecologic and climatologic importance. The temporal and spatial patterns of B RDF

descriptors will demonstrate in a highly effective way how to tune the retrieval algorithms as well

as validate the simplification of the physics in the new generation of BRDF models. Mapping and
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monitoringof boththeBRDFsandtheretrievedsurfaceparametersfor largeregionswill provide

excitingnewinformation,validatingandextendingtheutility of multiangleangleobservations.

3) Radiometric Properties (Day 1)

Leader: John M. Norman

Rapporteur: Philip Lewis

Since remotely-sensed measures at optical wavelengths are themselves directly related to the

radiometric properties of the area being viewed (modulated by the intervening atmosphere), the

task of derivation of radiometric properties of the surface should be one of the more

straightforward objectives and achievements of terrestrial Earth observation science. The spatial

and temporal monitoring of surface radiometric properties is of interest to a variety of

communities requiring information on surface shortwave energy budgets, such as climate

modelers and weather forecasters, as well as those interested in (ecosystem/agricultural) heat

fluxes, water balance and vegetation productivity.

The key parameters of interest are: (i) land surface albedo, which provides the lower boundary

condition to surface-atmosphere interactions as well as information on the absorption of surface

shortwave fluxes, and (ii) the fraction of absorbed photosynthetically-active radiation (fAPAR),

which provides information on the efficiency of Photosynthetically Active Radiation (PAR)

absorption by vegetation, and hence the energy available for primary production, etc.

Both of these measures are closely related to, but not defined as, intrinsic surface properties, since

their definitions imply a dependency on atmospheric state and solar angles. A spatial and temporal

mapping of these variables therefore implies the use of an effective parameterization which

produces the correct energy fluxes over the conditions applied by the applications scientist. In the

case of albedo, for instance, BRDF modeling studies have shown that it is typically sufficient to

provide users with a parameterization of (spectral) directional-hemispherical reflectance (as a

function of solar zenith angle) and (spectral) bihemispherical reflectance, which are intrinsic

properties. Spectral integration of an "effective albedo" over the entire shortwave region or over
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separatevisible/near infrared wavebands can be achieved, but implies a move away from intrinsic

properties towards ones dependent on atmospheric state.

The fundamental description of surface reflectance is the spectral BRDF. Modeling and

measurement of surface directional reflectance over recent decades has helped enormously in

understanding the factors affecting integrated radiometric properties, to the point where we are now

in a position to provide the fast generation of operational algorithms for the mapping of such

information from space from the forthcoming generation of satellite sensors (POLDER, MISR,

MODIS, etc.). This "state-of-the-art" represents a major step forward in providing

comprehensive, accurate information of these variables over the first-order approximations that are

currently applied. However, the models and methods which are to be applied to data in the

POLDER-EOS era do not take the BRDF modeling techniques as far as we in the community

believe they can and should be taken in relation to our current understanding of the issues involved,

in that they are still reliant on some empirical and semi-empirical models which will not always be

applicable.

Both of these radiometric properties can, of course, be mapped using remote sensing data through

the surrogate of land cover. Whilst this is of use, such methods do not themselves provide any

direct estimates of these variables, as albedo and fAPAR must then be assigned for each cover

type.

From the current perspective, we can outline a range of areas in which remote sensing of these

parameters has matured over recent decades, and highlight areas in which this has been aided by

BRDF research. First, we can note that remote sensing offers the only way to obtain

comprehensive multitemporal spatial data sets of these variables; without remote sensing, the

communities concerned are severely limited in the (spatial and temporal) scale of measurement

that can be considered.

Since "albedo" is simply a "brightness" measure, remote sensing scientists have long since

attempted to derive estimates of this from the reflectance observed at a single view/illumination

angle. BRDF research has shown, however, that the underlying assumption of Lambertian surface
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reflectanceis typically a poor one,leadingto errorsof typically 10to 30 percent(Walthallet al.,

1985).A key advancein theestimationof (green)fAPAR hascomefrom therealizationthatthere

is a fairly good(empirical)linearrelationshipbetweenthisvariableandsomevegetationindices,

notably NDVI. This has beenbackedup by BRDF measurementcampaignsand modeling

exercises,andwe have,becauseof this, movedbeyondthis first basicstatementto a realization

thattheparticularempiricalrelationshipvaries with the surfacecover type, and dependson the

vegetationstructureand vegetation(and soil?) radiometricproperties.There is also extensive

evidencefrom theBRDFcommunitythatmeasuresrelatedto VIs canvary stronglywith viewing

and illumination anglesand that such effects are often not well compensatedin current

compositingtechniques.Further,the inversion of BRDF models with remotely-senseddata

providesausefulmechanismfor aphysically-basedapproachto modelingfAPAR.

The BRDF community has participatedstrongly in the move from qualitativeto quantitative

remotesensing,in derivingmodelsbasedonbiophysicalcharacteristicsof thesurfacewhich affect

the reflectedradiationfield and in furtheringthe requirementsof remotesensingscientistsfor

betterqualitydataof surfacereflectanceproperties.This hasinvolveda recognitionin the remote

sensingcommunity thatimprovementsin estimatesof surfaceparameterswill only be achieved

through improvementsin: atmosphericcorrection;accountingfor or making use of surface

anisotropy; cloud clearing algorithms; sensor calibration; coregistration of multiangle/

multitemporaldata;andtheselectionof appropriatewavelengths/wavebands.

4) Satellite Data Correction (Day 1)

Leader: Eric F. Vermote

Rapporteur: Satya Kalluri

Discussion was aimed at establishing the progress made in the past 15 years in the area of satellite

data correction prior to analysis for surface information. Generally, the conclusion is that data sets

from the past 15 years have been testbeds for satellite data correction and many problems have

been identified and are now amenable to partial correction on new satellite systems such as

POLDER (launched 8/96) and EOS (to be launched in 1998). Several topics were discussed,

including calibration, atmospheric correction, cloud screening, and geometric correction.
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The importance of calibrationhas been recognizeddue tothe transitionof using remote sensingas

a qualitativetooltousing itas a quantitativetool(i.e.,with physically-basedapproaches).In other

words, going from instrument counts to reflectancesignals. This problem cannot be

overemphasized sincevegetationreflectancebecomes saturated(ceasestochange for a change in

the canopy) under some (dense)conditions.The only possibleway to reliablyquantifyvegetation

with remote sensing is to accurately measure small variations in the reflected signal. The

meteorological satellites employed by the terrestrial remote sensing community have only begun to

achieve the required levels of accuracy. Thus, calibration is an essential step before atmospheric

correction to obtain accurate surface reflectance. Calibration uncertainty decreased from 15 to 20

percent 15 years ago, to the 5 to 7 percent presently possible on AVHRR or Thematic Mapper

(TM). For future sensors, an accuracy of 2 percent (relative to sun) is projected. This 2 percent

accuracy will be obtained both through better instrument characteristics and innovative approaches

to cross calibration of instruments (by viewing the moon) and aczumm and redundant on-board

calibration system (MODIS). The accuracy of 2 percent on calibration is probably sufficient for

BRDF analysis; however, there are strict requirements for intednstrument calibration when

multiple sensors are used together to analyze BRDF (such as MODIS and MISR).

Inthe areaof atmospbericcorrection,intensivemodeling has been done in the past few years with

the emphasis on providing simple tools to assess/correctatmospheric effectsfor the remote

sensing community (Low Resolution Transmittance Model [LOWTRAN], Simulation of the

SatelliteSignal in the Solar Spectrum [5S], Moderate Resolution Transmittance Model

[MODTRAN], Second Simulation of the SatelliteSignal in the Solar Spectrum [6S]).The

development made on processingglobaldata setshas gone from no correction,to correctionof

raylcighand ozone effects(AVHRR-Land Pathfinder),to a projectedcorrectionof allgaseous

absorptioneffects,aerosols,thincirrusclouds,radiativecouplingbetween the surfaceBRDF and

atmosphere and adjacencyeffectsfor the next generationsensors.Once again,these corrections

will be possible on future sensors on an operationalbasis because of their designs (i.e.,

multidirection,multispectralor polarizationcapability,simultaneous acquisitionof multiple

parameters from differentsensors). In contrast,the currentlyused correctionsdo not perform

sufficientremoval of atmospheric effectsto reliablyand consistentlyprovide rcflectancesuseful

forBRDF studies.However, the limitationsof thc ncw atmosphericcorrectionschemes in terms
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of accuracy are not fully taken into account in the presently proposed inversion schemes. The

expected accuracy will be better in the longer wavelengths and probably insufficient in the blue

band for BRDF inversion. This needs to be addressed in future inversions.

The importance of a cloud screening to select "good" observations was pointed out during the

report of the working group. In this area, good progress has been made too, and although the

current operational algorithm for AVHRR, (CLAVR) is known to be too conservative (rejects too

many pixels), future sensors will be equipped with more spectral bands that will refine the cloud

screening to keep more observations.

Because current sensors sample a location only once per satellite pass, accurate registration and

geometric correction is essential for BRDF studies (that use pixels obtained at different geometries

and at different times). Good progress has been made in orbit prediction and attitude correction

techniques that provide +1 km accuracy for the AVHRR. For future sensors, the presence of both

high spatial resolution and moderate spatial resolution sensors on the same platform and the

advances in platform attitude control and determination will enable subpixel registration accuracy.

A discussion took place to assess how remote sensing benefits from recent advances in

computers. It is true that computer efficiency has increased greatly during the past 15 years but the

objectives and complexity of the science algorithms, and the size of the input data sets, have

increased as well. Indeed, as our computational potential has increased, our demands for accurate

results have also increased. Also the group noted that there was a large gap between new

technology (massively parallel computers, etc.) and what is currently available for operational

remote sensing data processing (EOSDIS) that tends to stay on the safe side of technological

advances in computers. More liberal access to these new technologies may greatly increase the

BRDF community's potential for robust, large-area analysis with physically-based models.
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5) How can we exploit current and next generation sensors by applying mature aspects of

BRDF understanding? (Day 2)

Leader: Siegfried A. W. Gersfl

Rapporteur: Crystal Barker-Schaaf

The group discussion started with classifying AVHRR, Geostationary Operational Environmental

Satellite (GOES), Geosynchronous Meteorological Satellite (METEOSAT), ASAS, Portable

Apparatus for Rapid Acquisition of Bidirectional Observations of Land and Atmosphere

(PARABOLA) and even Airborne POLDER (AirPOLDER) and MODIS Airborne Sensor

(MAS) as current sensors, and the EOS sensors (MODIS, MISR, Advanced Spaceborne Thermal

Emission and Reflection Radiometer (ASTER), POLDER, Meteostat Second Generation satellite

(MSG), and Airborne MISR (AirMISR) as future generation instruments. There was general

agreement that use of BRDFs to correct data for directional effects has become routine and has

significantly enhanced the potential for identification of vegetation parameters and other land cover

characteristics.

The conversation shifted to a spirited discussion on the mature aspects of BRDF research as

related to the retrieval of vegetation parameters. Modeling efforts have encompassed the

macrostructural (landscape and regional scales, mostly heterogeneous) situations as well as the

microstructural cases (canopy and leaf scale, mostly homogeneous across a pixel). The difficulty

lies in relating the effective (or apparent) parameters which are remotely sensed to the biophysical

parameters needed by ecologists and agronomists for their application models. There was a

general consensus that there needs to be more progress in the development of models to make this

link. Furthermore, additional structural parameters on the canopy scale may be identifiable from a

more thorough investigation of the special cases of hotspot and specular BRDF measurements and

appropriate 3-D models. Generally there was an observation that there simply have not been

sufficient "clean data sets" available to fully test and verify these relationships.

The modelers in the group pointed out that the existing complex models (with full 3-D geometry

description) do an excellent job of characterizing surface BRDFs but are still difficult to invert for

biophysical and structural parameters. The simpler models, sometimes seen as synonymous with
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look-uptables(LUTs),arecapableof derivingcertainsurfaceparametersfor certaincasesbut they

requireancillaryinformationto correctlyconstraintheir applicability.It was pointedout that the

modelingpurist couldreasonablyclaim thatyou needasmanysimplemodels(or LUTs) asyou

havepixels.Thekey isunderstandinghow togeneralizethespecificdetailsof thecomplexmodels

and recognizingwhen sucha generalizationbreaksdown, leaving you with only "effective

parameters."Fromtheecologist's viewpoint,thecruxof thematteris to definearangeof "simple

models"(or LUTs) thatareapplicableto aspecificbiomeandthento beableto selectthecorrect

model for anygivenremotely-sensedpixel. One way to obtainsuchsimpler modelswould be

throughparameterizationof thesolutionsfrom themorecomplex3-Dmodels.

In discussinghow to use the mature aspects of complex modeling of BRDF effects, the use of

more comprehensive data sets and of new sensor data ("real satellite data") was coupled with a

need to focus on improved inversion techniques to derive stable "true" vegetation parameters. A

limited set of structural canopy parameters (5 to 10) with significance to biophysical parameters of

ecological and agricultural canopies must be identified. Existing computer graphics-based

"complex" models may be used to define this limited number of significant structural parameters

by performing virtual remote sensing experiments on the computer (also called "numerical

experiments"). This process will lead to the convergence of understanding how to relate remotely-

sensed BRDF data to biophysical parameters:

effective parameters to

simple models to

few structural parameters to

limited information content to

restricted application domain to

"absurd" solutions to

true parameters,

complex models,

many (more) parameters,

enhanced information content,

enlarged domain,

true solutions.

The group felt that the majority of the above-mentioned 5 to 10 structural parameters are only

measurable with multiangle views and with no other (spectral or spatial) remote sensing

signatures. Perhaps a canopy architecture sensor (based on active remote sensing?) is needed to aid

in this process!
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As for the impactof BRDF researchon atmospheric and radiation parameters, there is a genuine

feeling that fine-scale BRDF-derived albedos from multidirectional measurements (e.g., from

MISR and MODIS) represent a major advance in the state-of-the-art and will be embraced by the

climate and energy budget communities because of reduced uncertainties. However, there was

some discussion that the real need was for BRDFs (not albedos) so that these researchers could

correctly generate radiation fluxes within their own models. Finally there has been a general

acceptance of the necessity of BRDFs to specify a more accurate boundary condition in any

atmospheric correction or atmospheric simulation effort; assumptions of Lambertian surface

reflectances are confirmed as incorrect in most cases and are no longer acceptable.

6) What are the aspects of current BRDF understanding that require future basic research

and theory development? (Day 2)

Leader: Michel M. Verstraete

Rapporteur: Stephane Jacquemoud

It is clear that a detailed and accurate understanding of the anisotropic spectral reflectance of natural

surfaces is essential to the proper interpretation of satellite remote sensing data in the solar spectral

domain. At the very least, the influence of this anisotropy, coupled with the highly directional

illumination field, must be accounted for to avoid misinterpretations of the variance present in the

raw data. The possibility of exploiting this anisotropy to retrieve additional information provides

further motivation to pursue research in this direction.

The group discussions may be organized and summarized along the following four points:

1. The development of new or better BRDF models must be justified by the particular applications

and accuracy requirements of the end-users. Indeed, although the study of the anisotropic

reflectance of terrestrial surfaces may be of interest in its own right and may ultimately lead to an

improved characterization of the structure of these environments, the primary benefit of BRDF

research for most users will be an increase in the accuracy and reliability of the results derived

from the remote sensing data. It is therefore recommended to take steps to improve the dialogue

between ecological end-users of remote sensing data and remote sensing researchers, so that the
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formergroupmayhaveabetterappreciationfor the potential and limitations for space-based Earth

observation techniques, and the latter group may better understand the true needs of the end-users.

2. Specific areas have been identified where further research could lead to significant

improvements in models and applications:

• Due to the nature of the physical processes involved, the observation of terrestrial surfaces from

space in the solar spectral domain will always take place through the atmosphere, which is known

to significantly affect the transfer of radiation, both downward on its way to the surface, and

upward after its reflection. In fact, the Earth's surface and the atmosphere are radiatively coupled

through such processes as multiple scattering, and the correct interpretation of remote sensing data

will always have to account for the joint effects of both geophysical media. Although this problem

has been recognized for many years, the solutions implemented so far have been mostly limited to

so-called "atmospheric corrections," which assume certain surface properties (such as a black or

Lambertian surface) to estimate the atmospheric effects. This approach suffers from serious

deficiencies and may lead to spurious results. It is therefore recommended that more emphasis be

given to studies focusing on the correct treatment of this problem, namely those that address the

coupled problem of radiation transfer in both the atmosphere and at the surface simultaneously.

° A second issue identified as crucial for the effective exploitation of BRDF studies is the further

development of efficient and reliable inversion procedures. Indeed, the benefits and advantages of

exploiting physically-based or parametric BRDF models hinges on our capability to invert such

models against remote sensing data. This approach is potentially more effective than the

application of purely empirical methods such as vegetation indices, but it suffers from possible

drawbacks including a higher level of complexity, a more substantial drain on computer resources,

and a potential sensitivity to noise in the data or initial guesses at the solution. The design,

implementation and actual use of advanced robust inversion methods will play a crucial role in the

popularization of advanced methods of remote sensing data interpretation.

• The third issue identified by the working group as an area in need of further development is the

integration of spectral and directional methods of data analysis. These two domains have been
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largely perceived as independent, when they should be treated jointly. Indeed, it has been shown

that the interpretation and exploitation of the directional variability in the data must take place prior

to or at the same time as the spectral analysis of these data; otherwise, the results of the spectral

analysis remain dependent on the particular geometry of illumination and observation. It is thus

recommended that further effort be directed to the effective exploitation of remote sensing data in

all its dimensions, and in particular through the combined use of spectral and directional

variabilities.

• The working group discussed in some detail the importance of scale in the interpretation of

remote sensing data, especially as it relates to the directional aspects. The lack of detailed

understanding of leaf anisotropy was underscored, as it is not clear how this may affect the

reflectance of the canopy.. The diversity of surfaces and objects within any given pixel mates

specific problems at that scale, since each element has its own anisotropic response. The

understanding of the anisotropy at the pixel scale in terms of the anisotropies of the constitutive

elements remains poor and may impede the usefulness of instruments with instantaneous fields of

view large enough to generally contain a variety of objects. At the next scale up, adjacency effects

smear the response of individual areas through the contamination of the spectral and directional

response of neighboring pixels. This effect takes place because of the presence of the atmosphere,

and therefore constitutes a very difficult problem. Nevertheless, it was thought that progress could

be achieved through further investigations of the trade-off between smaller pixels with less

diversity but higher adjacency effects.

* Topography remains an issue largely ignored by developers of methods for the analysis of

remote sensing data. So far, most, if not all, approaches assume a flat horizontal terrain. This may

be appropriate for either very small and approximately horizontal pixels, or for very large pixels

containing rolling terrain and structures whose vertical height is much smaller than the horizontal

scale of the pixel. In most practical cases, however, the effect of orography may be important,

especially when the illumination or the observation angles are not from nadir. Since vegetation

does not grow perpendicular to the slope but mostly along the local vertical, results obtained with

existing models cannot simply be adapted to account for slope and aspect. Further investigations in

this direction are dearly needed.
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• Finally, the working group felt that further thoughts should be given to the dichotomy between

detailed models which better describe the processes of radiation in particular scenes and more

generic models which are less specific but more widely applicable. Ultimately, the choice of a

particular model depends on the application and accuracy requirements of the user, as noted above,

so it will be wise to develop a panoply of tools to address a diversity of needs, keeping in mind the

fact that when specific tools are developed, they create a concomitant need for an associated

method to identify the conditions under which they will be applicable.

3. In addition to the specif'lc points raised above, the working group wished to emphasize that the

effective use of the understanding gained in recent years on the radiation transfer in coupled

geophysical media would not take place operationally unless significant progress was made in

designing new inversion approaches. In addition to the traditional minimization algorithms

currently used, it was felt that new approaches such as look-up tables, neural networks and genetic

algorithms should be further investigated to exploit their advantages when dealing with very large

amounts of data.

4. Finally, the working group unanimously agreed that the single most important drawback to the

further development of BRDF models at this time is the lack of adequate measurements to

constrain these models. Concerted efforts should be made to develop and integrate observations

from laboratory, field, airborne and space campaigns, with a view to provide data that might be

critical for the evaluation of existing models as well as to provide further impetus in their

developments. Remote sensing measurements in the principal plane, and especially around the hot

spot and specular reflection conditions, would be most important. Similarly, the acquisition of

ancillary data on the structure and properties of the targets being observed will be essential for the

evaluation of existing and future models.
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7) Where is the needfor new in situ data or field studies to advanceour understanding or

to promote new applications?What needs to be measured (i.e. new ancillary data)? (Day 2)

Leader: David L. B. Jupp

Rapporteur: Jean-Philippe Gastellu-Etchegorry

The Breakout Group 3 met to consider the needs for field information to advance progress and

exploit future sensors by providing links between the BRDF knowledge we have and the

objectives of its end-users. It was considered for the purposes of the discussion that the use of

models, especially simple parametric models, for normalization, atmospheric correction and

standard products, were well defined and have their own "internal" validations at their scales of

application. Hence the primary discussion was on establishment and validation of land cover

structural characteristics and their relationship with measured, as well as modeled, BRDF.

Overall, there was a feeling that major advances could be achieved by using the information tools

we have more fully, addressing the issue of scale in both BRDF models and in the practical issue

of field measurements over a range of scales and (most importantly) ensuring that BRDF

validation is carried out hand-in-hand with the field measurements of our customers. The

customers most in mind during the discussion were generally ecologists, plant physiologists and

land surface climatologists - but this is not exclusive.

The outcomes of the group discussions may be summarized in four basic recommendations:

Recommendation 1. Refine current designs and specify what is "sufficient" structural

radiometric, ecological flux and climatological data taken in campaigns.

This message was also implicit in the final day discussion which recommended that base

standards and methodology in campaigns be established throughout the world for data that intend

to contribute to this research area. It was felt we must ensure that campaigns are not spoiled for

want of information that may have been easily collected.
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Therecommendationcanbefocusedinto two specialareasof activity:

1.I Site Structural Information

Base ecological information usually includes layering, cover, species, biomass, carbon storage, and

canopy functioning in the form of mass and energy fluxes. Vertical and horizontal distribution of

biomass is not often recorded in detail other than layering and cover but is regarded as important

by many scientists.

Field campaigns which are aimed to address the BRDF/structure/ecology/flux relationships must

record 3-D canopy structure in the form of tree height, crown diameter and height, tree stem

distribution and crown structure (e.g., clumped into modules or filled uniformly plus within

module or crown LAI). DBH (diameter at breast height) is needed for woody biomass or forestry.

"Gapiness," which includes establishing clearing sizes as well as crown openness, is becoming an

increasingly important parameter.

Such data have been taken in many campaigns in the past. We must ensure, however, that they are

complete and "clean" and possibly standardized for future campaigns. It is especially essential for

the data to be geocoded. Hence, the use of Global Positioning System (GPS) technology should be

increased as well as new land survey technology for tree data. New rapid traverse instruments such

as digital hemispherical data in up- and down-pointing modes, or new digital cameras with GPS

and Tilt recorded data (Konica), could be considered.

Since site scale is insufficient for the needs of BRDF at MODIS scale, future campaigns should be

complemented with airborne data from laser profilers (e.g., Scanning Lidar Imager of Canopies by

Echo Recovery [SLICER]), traditional wide angle aerial photography and airborne scanners such

as airborne POLDER, ASAS and AirMISR. These also provide radiometric data.

Scale is intimately linked to the needs of these measurements. While the 'taderlying "fractal"

nature of land cover is a debate, the need to measure at scales finer than and coarser than the object

scale is not. Scaling properties and measures are themselves key elements of land cover structure.
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For example,if thebasescaleis thetreecrown thenthefiner scalesof branch,shootor module

(clumpsof leaves)and leaf scaleinfluencetheresultsignificantly.Again,theway the datascales

from crown to clump and on to standis a characteristicthat determinesthe remote sensing

measurementmodel.Perhapsthis impliesa"definition" of whatwearecalling "structure."

1.2 Radiometric & Ecophysiological Measurements

We need to examine options for relating radiation fields and plant physiology so that the problem

of relating canopy spectral BRDF to leaf functioning and fluxes can be tackled.

A special effort is needed to ensure that adequate radiometric data be taken in campaigns. The

instrumentation exists and can be developed into compact units. The information content in data

from instruments like PARABOLA is very high and some learning is still needed to use it all. The

adjective "adequate" in this context means being able to link remotely sensed BRDF to the canopy

data. In particular, this implies adequate sampling designs (e.g., a moving PARABOLA) to take

account of scale and heterogeneity.

Within the canopy, instantaneous and integrated radiation, especially PAR and Absorbed

Photosynthetically Active Radiation (APAR) are needed if the link with plant physiology is to be

made. These parameters are important for studying canopy mass (H20, CO 2) and energy

exchanges. For example, canopy photosynthetic activity is related to both instantaneous APAR and

to mean-time APAR because the concentration of the foliar photosynthetic enzyme (Rubisco) is

linearly related to PAR time-mean value.

Spectral BRDF signatures and physiological characteristics of the understory, with special

emphasis on sunfleck space and time structures, CO 2 and H20 fluxes and time-mean PAR are

needed if the step from the remote sensing measurement model to the plant physiology is to be

made in the field data. Unless the links are established in the measurements, the models cannot

progress.
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At the leaf scale, spectral BRDF signatures and physiological characteristics, such as conductance,

nitrogen concentration, leaf area, specific leaf area, chlorophyll, CO 2 (assimilation and respiration)

and H20 (transpiration) fluxes of light and shade leaves are also needed. Time variability and

spatial variations should be measured.

Particular attention must be paid to the heterogeneity and the requirements this places on the

sampling scheme (in particular, the spatial variability of PAR transmission).

Recommendation 2. Establish what is a sufficient description of land cover to establish a BRDF

"typology" that provides an ecological key to the cover and is associated with a stable and

consistent BRDF form. 1

There is a need here to involve ecologists to explain the basis for their structural descriptions and

how they are measured in the field as well as BRDF-focused remote sensing scientists to examine

how radiation measurements can best complement the data as well as to establish the immediately

definable model parameters.

At present, BRDF of surfaces seems to involve a vertical to horizontal (V/H) term only accessible

via BRDF and to which spectral data are "blind." Such a composite V/H is not dissimilar to

"effective LAI" and involves characterizing biomass layers and the effective V/H properties which

integrate over inhomogeneous and heterogeneous patches.

Scale issues are not well established for field data collection. Yet there is a need to collect such data

to establish the "typology" at least aircraft scale and eventually at environmental satellite data scale.

Hence, a related third recommendation is:

Recommendation 3. Address the problems of characterizing cover at the MODIS scale (1 km)

including heterogeneity ("gapiness") and structure (vertical and horizontally clumped

distributions of wood and leaves and the V/H ratio).

IBRDF form is taken as BRDF normalized to unit spectral albedo.
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A solutionwill involvecharacterizingcanopyroughnessandcanopyaerodynamicconductancein

the presenceof gapswithin and betweencrowns and canopylayers.Thesecharacteristicsare

particularlyimportantfor flux calculationsin climateandecologicalstudies.Theyhavedirect links

with standingbiomassin mostsystems.Scientistsarenowmovingto incorporateheterogeneityin

flux modelsandgeneralize"roughness"- we can be ready to describe and measure canopies in

this way. Remote sensing in general and BRDF in particular are currently the only available means

to assess this factor over regions or at global scales.

Spatial BRDF signatures should be established using low flying airborne instruments (e.g.,

PARABOLA, POLDER, ASAS, etc.). Even video and aerial photography data can help establish

land cover/BRDF form consistency over the patch sizes needed. The advantage of airborne

scanners is that, provided effective collateral data are taken (such as atmospheric aerosol

properties), the data are able to be related to reflectance.

It is possible that land cover structure can be assessed at the broader scale using (scanning) laser

profiling and also using very high resolution stereo data from new space instruments such as

Earlybird. Again, the "fractal" (or spatial scale) properties must be assessed at scales finer and

coarser than the object scale. Among the people present in the group it was felt that this scaling

was not currently being well handled in field campaigns and is an area where the attention of

scientists involved in future missions may need guidance.

Recommendation 4. It is essential that campaigns for site characterization for BRDF be

combined with ecological, hydrological and�or climatological campaigns so that the information

the BRDF contains may be directly keyed into the products that answer the (potential) user's

questions and needs.

This recommendation implies that BRDF field campaigns developed by remote sensing scientists

must be linked to ecological data collection with purposes related to the objectives of the users

rather than the needs for BRDF validation. The BRDF modelers must form bridges with both

these groups.

42



For example, the means to include parameters in two or more layered energy balance models can

be advanced by being able to separately include sunlit and shaded fractions of leaves and

undercover as well as differential understory and canopy temperatures. Thermal, visible and

Shortwave Infrared (SWIR) data from multiangles are a function of these. Taking advantage of

such potential opportunities requires careful experimental design.

In the case of existing investments in data, such as FIFE and BOREAS, it is important that we

review the completeness of the current information for structural and BRDF studies. As much use

and review of such data sets as possible should be made before new campaigns are established, as

they form the current "state of science" in this field.

8) What benefit is gained from using off-nadir (single or multiple angles) versus nadir-only

viewing? (Day 2)

Leader: Charles Walthall

Rapporteur: Gregory P. Asner

a) What studies show evidences of significant improvements in:

1) classification accuracies,

2) biophysical parameter assessments, and

3) radiometric parameter assessments?

b) Can we quantify the benefit? (List examples)

I. A clarification of terminology and focus of the discussion:

"BRDF research" describes the science/research that investigates the physics and physiology of

remote sensing signatures, incorporating and emphasizing the bidirectional domain of information.

It is clear that BRDF research also had a significant impact on and further advanced the

exploitation of the spatial, spectral and temporal information domains of remotely sensed data.
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Multiple View Angle (MVA) datadescribesthe measurementand analysisof reflectancedata

from asingletargetor sceneatthreeor moreview angles.

The issuesassociatedwith the useof a single off-nadir view anglewere not discussed.The

discussionswere assumedto be limited to the useof visible/nearinfraredspectralbands.Few

citationsof workwereput forthby thegroupduringdiscussions.

II. Benefits of MVA - How the question was approached.

Coming to an agreement on the benefits of MVA was not an easy process. The discussions raised

additional questions among the participants, and thus, the issues remain controversial. The use of

MVA has been shown to provide benefits in three different ways: 1) providing unique, additional

information not present in nadir-only spectral data, 2) providing better information when analyzed

in conjunction with nadir-only spectral data, 3) providing a means of removing unwanted sources

of variability due to BRDF effects.

Some of the discussion members felt that "directional reflectance data is available in any remotely-

sensed measurement" and that it must therefore be addressed. It can either be treated as a source of

noise or as a source of information. However, throwing the information away via removal of

BRDF effects is ignoring an entire additional domain of information that adds more degrees of

freedom to the data set.

IlL Benefits of MVA: Its Unique Information Content

The orthogonality of the information content of Multiple View Angle (MVA) data is clear with

respect to one goal of environmental remote sensing. Accurate radiometric parameter assessments

for quantities such as albedo for land surfaces and phase function for the atmosphere were

unanimously agreed upon as uniquely available from MVA data. The anisotropy of terrestrial

surfaces and the Earth's atmosphere is now considered "fact" and formulations employing

Lambertian characteristics are viewed as unrealistic. Estimates of hemispherical reflectance from

nadir measurements have been shown to result in significant errors when anisotropy is ignored.
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Thesefindingsarethedirectresultof BRDF researchandthesequantitiesareavailableonly from

MVA data.

Conjectureconcerningbiophysicalparameterassessmentsalso indicated a potentially unique

benefitof MVA data.Two argumentswerepresented:

1)MVA dataincludessufficientlyuniqueinformationaboutthephysicsof sceneradiationthat it

canbeusedto selectthemostappropriateapproachfor parameterretrieval,and2) treeshapemay

beuniquelyavailablefrom MVA data.

Theuseof MVA datacouldhelpdecidewhich model is most appropriatein a given situationfor

parameterretrieval.The assumptionis thattheform of the BRDF sampledby a sensorsystem

would providean indicationasto thephysicsleadingto the signature.Given knowledgeof the

physics,thenthe most appropriatemodelcouldbe appliedto retrieveparametersof interestwith

greateraccuracy.

Theretrievalof treeshapefrom MVA datawaspresentedasastrongpossibility.This hasnotbeen

shownto bepossiblewith nadir-spectralapproaches.

IV. Benefits of MVA: Improvements to Existing Approaches for Parameter Retrievals Over

Nadir-Spectral Approaches

1) Classification Accuracy

Improvement in land cover classification accuracy has been realized with the use of MVA data.

Recent work by Leroy (1996/7) has demonstrated that the addition of MVA has pushed

classification accuracy beyond the 90 percent threshold. This level of accuracy is rarely available

via nadir-spectral approaches without ancillary data. The amount of accuracy improvements over

spectral methods is debatable. However, achieving 90 percent or greater is considered significant.
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2) Removal of Variability Due to BRDF Effects

The correction of imagery to remove unwanted variability from bidirectional effects has also been

demonstrated (Van Leeuwen, 1996/7). This approach considers the BRDF outside of nadir or

near-nadir data to be noise that once removed will result in improved nadir-spectral-based

parameter retrievals or classifications.

3) Biophysical Parameter Retrievals

Improvements in biophysical parameter retrievals are believed to be possible with an MVA

approach. It is believed that this will occur due to the adoption of physically-based approaches

(e.g., inverse modeling) to analysis. The use of physically-based approaches for parameter retrieval

are believed to be promising such that this will provide tools that can be applied "universally," thus

avoiding signature-extension problems of nadir-spectral approaches. Several studies have already

demonstrated that MVA data can be used with canopy BRDF model inversions to retrieve key

biophysical characteristics (Privette et al. 1994, 1996; Braswell et al. 1996). How much

improvement MVA approaches will yield beyond the achievements realized using nadir-only

measurements remains to be assessed.

V. Other Perspectives

1) BRDF research is relatively recent in the history of remote sensing. Comparing the history of

BRDF research with the history of nadir-spectral remote sensing research reveals some interesting

differences. The launch of Landsat in 1972 provided widespread nadir-spectral satellite data to

many researchers and fostered a significant effort in the "top-down" approach. Physically-based or

"bottom-up" research investigating the physics and physiology contributing to spectral signatures

or "scene radiation" via field measurements and modeling were begun simultaneously with the

top-down analysis and were accepted as critical to the goal of fully realizing the potentials of

remote sensing. The Large Area Crop Inventory Experiment (LACIE) and Agricultural and

Resources Inventory Through Aerospace Remote Sensing (AGRISTARS) programs drew heavily

on the bottom-up analysis to provide guidance for the top-down analysis.
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The "bottom-up" effort of remote sensing research was recognized for its significance in the

advancement of remote sensing during the spectral-nadir efforts. Once BRDF was approached as

another domain to be investigated on its own merits (whether as noise or information),

investigation into the physics and physiology leading to BRDF signatures was considered an

integral component of the research program. While this program has been underway for some

time, the availability of landscape-level data has been limited to aircraft system data sets. The

widespread availability of directional data from satellites has only recently been addressed. A

satellite sensor system specifically tailored to acquiring data of interest to the BRDF research

community, POLDER has only recently (within the last year) been launched and data sets are not

yet widely available.

2) It is too early to realistically assess the benefits of MVA approaches relative to nadir-spectral

approaches. Limitations to addressing this question include issues of scale, a lack of widespread

landscape-level data sets, the logistically intensive nature of processing directional imagery to the

point where questions about the surface can be addressed and the difficulty of georegistering MVA

imagery.

3) The number of degrees of freedom available from the spectral domain and the number of

degrees of freedom available from the bidirectional domain is debatable. Members of the breakout

group offered three for each domain. Two of the degrees of freedom from the bidirectional domain

appear to be correlated with two of the degrees of freedom from the spectral domain. It was

hypothesized that only one degree of freedom from each domain contains unique information. The

discussion did not address the capabilities inherent in hyperspectral data; rather, it focused on the

relative merits of broad-band multispectral measurements at nadir and off-nadir. The full

workshop discussion on this was "lively" and offered no resolution to the issue.

VI. Summary Conclusions

1) The question of the orthogonality of the bidirectional domain to the spectral domain has not

been specifically addressed. It is too early to answer this question. The only benefit that is
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documentedasbeinguniqueto MVA datais theretrievalof surfacealbedoandatmosphericphase

function.

2) Benefits of using MVA over nadir-spectralapproacheslargely fall under the categoryof

improvementsto existinggoals:the90percentaccuracythresholdof classificationis crossedwith

the additionalinformation from the BRDF and the removalof imageBRDF effects has been

shownto improvethe resultsof nadir-spectralanalysis.Thereis a strongbelief/evidenceon the

part of the community that MVA data approacheswill provide more accuratebiophysical

parameterretrievals.The V/I-I "structuralinformationcontent"of MVA datais believedto beof

sufficientimportanceto warrantfurtherresearchto 1)betterdef'meit, and2)betterexploit it.

3) Thecost/benefitof usingMVA overnadir-spectralapproachesneedsto beaddressed.Given the

demonstrationof uniqueinformationcontentor improvementsto classificationaccuraciesand

biophysical parameterretrieval improvements, the additionalefforts required for handling,

calibrating,atmosphericallycorrecting,georegisteringandanalyzingMVA datamust be weighed

againstthenet information/accuracyresultsgain.

4) Thebreak-outgroupandthefull workshopwereaskedthefollowing question:Giventhechoice

of anewsystemto bebuilt, wouldyou choosea systemwith 16spectralbandsor one with four

spectralbandsandfourview angles?Giventhischoice,thebreakoutgroupandthefull workshop

bothchosefour spectralbandsandfour viewangles.
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Appendix IlL

Workshop on Multiangular Remote Sensing for Environmental Applications
AGENDA

Wednesday, January 29

Workshop Goals and Status of Physically-based Models

(Morning Chair: Deering)

9:00

9:15

9:30

10:00

10:30

10:45

11:15

11:45

Welcome (Deering)

Goals and expectations of workshop (Wickland)

Key question: How can we improve our ability to exploit BRDF for
environmental applications? (Deering/Wicldand)

BRDF measurement and modeling: Past progress and future challenges (Asrar)
Break

Vegetation indices and their limitations for biophysical parameter retrieval (Huete)

Surface/air BRDF measurements and dependencies (Deering)

BRDF model inversions and capabilities (Goel)

12:15 Lunch (catered); poster set-up

(Afternoon Chair: Privette)
1:15

1:45

2:15

2:45

3:15

3:30

Evolution and capabilities of turbid medium BRDF models (Pinty)

Evolution and capabilities of geometrical optics BRDF models (Strahler)

New BRDF capabilities from satellites (Leroy)
EOS operational algorithms for satellite BRDF inversion (Myneni)

Break--Group photograph

Breakout discussions: (rapporteurs compile working group reports)

Question for deliberation:

What have we learned to date, and why is it important (re. "applications")?

- vegetation indices (Steyaert / Huemmrich)
- surface structure/texture (Irons / Braswell)

- radiometric properties (fAPAR, albedo, etc.) (Norman / Lewis)

- satellite data correction (Vermote / KaUuri)

2nd layer of consideration:

- model theory/development issues

- data sampling needs

- atmospheric correction issues
- inversion issues

- hardware/software issues; new technology

4:30

5:00

6:30

7:00

Break; continued poster set-up
Poster session with cash bar

Splinter session with discussion leaders and rapporteurs

Adjourn poster session
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Thursday. January 30

Applications of BRDF with Simple Models

(Chair: Wickland)

8:30

9:00

9:30

10:00

10:30
11:00

11:30

12:00

Working group reports (rapporteurs)

Simple models for retrieving broadband albedo (Wanner)

Simple models for landcover identification (Liang)

Relating simple model parameters to biophysical parameters (Roujean)
Break

Simple models applied to BRDF data correction (Li/Privette)

Simple models for AVHRR NDVI production (Chen)

Charge to breakout groups (Wickland)

12:10 Lunch (catered)

1:30 Breakout discussions, continued: (rapporteurs compile working group reports)

1) How can we exploit current and next generation sensors by applying the

mature aspects of BRDF understanding? (Gerstl / Barker-Schaaf)

a) vegetation parameters

b) atmospheric/radiation properties

2) What are the aspects of current BRDF understanding that require future

basic research and theory development? (Verstraete / Jacquemoud)

3) Where is the need for new in situ data or field studies to advance our

understanding or to promote new applications? What needs to be measured

(i.e., new ancillary data)? (Jupp / Gastellu-Etchegorry)

4) What benefit is gained from using off-nadir (single or multiple angles) versus

nadir-only viewing? (Walthall / Asner)

5:00

6:00
Adjourn

Group leader & rapporteur dinner

(Chef's Secret, 5810 Greenbelt Rd.; ph. 301-345-6101)
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Friday. January 31

Reports and Recommendations

(Chair: Deering)

9:00

10:00

11:30

12:00

12:30

1:30

Working group reports (rapporteurs)

Development of recommendations for future directions: synthesis and consensus
(Deering/Privette)

NASA HQ perspectives and summary (Wickland)

Assignments (Deering)

Adjourn

Meeting of writing groups

(Note: For each break-out discussion listed, the discussion leader is listed first, followed by the
rapporteur.)
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No First Name Last Name

1 Greg Asner
2 Ghassem Asrar
3 Alexander Berk
4 Thomas Brakke

5 Bobby Braswell

6 Eric

7 Jing

8 Jim

9 Philip
10 Don
11 Tom
12 Bill
13 Jean-

Philippe
14 Sig

Brown de
Colstoun
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Collatz

Dabney
Deering
Eck

Emery
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15 Narendra Goel

16 Huadong Guo

17 Garik Gutman
18 Miroslav Honzak

19 K. Fred Huemmrich
20 Alfredo Huete
21 Jim Irons

22 Stephane Jacquemoud
23 David Jupp

24 Satya Kalluri
25 Dan Kimes

26 Juri Knjazihhin
27 Andres Kuusk

28 Marc LeRoy
29 Philip Lewis
30 Zhanqing Li

31 Xiaowen Li

32 Shunlin Liang
33 Anne Lifermann

34 Chien-hui Liu
35 Alexander Marshak
36 John Martonchik
37 Elizabeth Middleton

38 Jan-Peter

39 Ranga
40 John

Muller

Myneni
Norman
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